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Estimates of cell volume in fossilized bones of extinct dinosaurs indicate
that genome size underwent a significant reduction in the early
theropods, from which birds later evolved. This suggests that birds’
small genomes are not an adaptation to metabolic demands associated
with flight.Hans Ellegren
Is the small genome size uniformly
seen among extant birds an
adaptation to the energetic
demands of flight? This question
has puzzled geneticists for quite
some time, not just because of an
urge to understand avian genome
evolution. More generally, we may
ask whether genome size is
a selected character that readily
responds to changes in life history
and life style. Or does variation in
genome size merely reflect
neutral mutational processes like
the success of ‘selfish’ DNA
elements, which have no or only
limited effects on an organism’s
fitness?
Eukaryotic genomes show an
impressive range of size variation
which, in contrast to early views,
does not correlate closely with
organismal complexity, posing the
famous ‘C-value paradox’. For
instance, there are many examples
of both animals and plants thathave genomes larger (w3 Gb) than
the human genome by an order of
magnitude or more. The genome
sizes of tetrapods (amniotes and
amphibians) vary fromw1 Gb to
over 100 Gb, with the highest
values seen in salamanders
(>50 Gb), amphiumas (>75),
waterdogs (120) and lungfish
(130). Genome size correlates
negatively with metabolic rate
in poikilothermal as well as
homeothermal amniotes [1], and
it has been hypothesized that
a high metabolic rate requires
a relatively small genome size [2].
The postulated explanation lies in
the positive correlation between
genome size and cell size
[3]: because smaller cells have
a larger surface-to-volume ratio,
their rate of gas exchange per
unit volume is higher than for
larger cells. The final link in this
chain of observations and
arguments is the so-called
nucleoskeletal theory, which
proposes a co-evolutionary linkbetween cell size and genome size,
such that more DNA causes nuclei
and cells to swell.
The observations that birds and
bats have the smallest genomes
among vertebrates, and that,
among birds, flightless species
tend to have the largest genomes,
led to the idea that the
metabolically intense demands
of powered flight introduced
a constraint on genome size [4,5].
According to this view, the
evolution of avian flight was
accompanied by a reduction in
size and streamlining of genomes.
While interesting, the hypothesis
has remained speculative, because
it has not been possible to test if
there was a transition from large to
small genomes when the early
ancestors of modern birds
diverged from other dinosaurs
(birds, Aves, are now recognised
as being nested within theropod
dinosaurs, which are bipedal
predators). However, Organ et al.
[6] have now brought genomics to
the extinct world of dinosaurs by
capitalising on the correlation
between genome size and cell size.
They estimated the size of
osteocytes (bone cells) in 31
extinct species of dinosaurs by
measuring the cavities in fossilized
bone in which cells once resided.
After having calibrated the
relationship between osteocyte
size and genome size using data
from extant species, dinosaur
genome sizes were then
Dispatch
R471extrapolated by a Bayesian
comparative method.
The new analyses indicate that
small genomes were present
already in the first theropods,
including Tyrannosaurus rex, that
evolved 230 million years ago and
also in a single sample of
a sauropod (sister group to
theropods) that evolved
approximately 250 million years
ago (Figure 1). However, species
from the other primary clade of
dinosaurs, ornithischians, mainly
herbivores, had larger genomes,
comparable in size to those of
non-avian reptiles such as lizards,
geckos and alligators. These
variations in genome size most
likely reflect differences in the
lineage-specific activities of mobile
interspersed repeat elements [7],
which have been low in birds [8]
and probably also in other
theropod dinosaurs [6]. Another
recent study shows that the
repetitive landscape of non-avian
reptiles by and large is similar to
that of mammals [9].
According to these observations,
small genomes appeared long
before the first birds entered the
scene about 150 million years ago.
As a consequence, a reduction in
genome size does not seem to
have been the result of an
adaptation to the metabolic costs
associated with flight. Yet Organ
et al. [6] speculate that there might
be an adaptive explanation to
genome reduction in the early
dinosaurs, because of the
physiological demands associated
with maintaining a high body
temperature.
The approach taken in the study
of Organ et al. [6] is novel and the
results are convincing and have
broad significance. But what about
the conjecture that a small genome
size in theropod/sauropod
dinosaurs evolved in response to
the physiological demands
associated with endothermy? Is it
realistic to think of natural selection
being strong enough for organisms
to evolve mechanisms that lead to
shrinkage of genomes, or at least
prevent genomes from further
expansion? This is questionable
when it comes to size changes
introduced by small chromosomal
insertions and deletions which
often involve only one or a fewFr
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Figure 1. Schematic illustration of genome size evolution in vertebrate groups.nucleotides at a time [10]; it is
difficult to imagine a situation in
which the fitness of two individuals
differs due to an infinitesimal
difference in genome size caused
by such minute length mutations.
Expansion of families of
retroelements would have larger
effects on genome size, but there is
still the question of whether
individual fitness would be
significantly affected by
within-population differences in
copy number of interspersed
repeats. That the insertion of
retroelements in coding sequence,
and likely also in non-coding
regulatory sequence, can have
dramatic effects on fitness is
well established; however, this
should apply broadly to genomes
irrespective of other adaptations.
The determinants of genome size
are likely to be several and their
relative importance continues to be
a hotly debated issue [11–16]. The
selectionist view of evolution of
genome size in response to
energetic and metabolic
adaptation is attractive, but
a causal relationship remains to
be demonstrated. One alternative
scenario that needs to be
considered is that the fixation
probability of slightly deleterious
mutations — in this case
represented by retroelementinsertions— is not only determined
by their selective disadvantage but
also by the effective population
size; the larger the population the
smaller the chance for a mildly
deleterious mutation to drift to
fixation. It is noted that, on the
broad scale from prokaryotes to
unicellular eukaryotes to
multicellular eukaryotes,
a reduction in population size is
accompanied by an expansion in
genome size [17]. Nonadaptively,
and according to the nearly
neutral theory of molecular
evolution, this can be taken as
support for the idea that purifying
selection becomes less efficient
at removing proliferating repeat
elements as populations become
smaller. But whether this model
is applicable to bird and
dinosaur evolution is unclear. It
would be interesting to see the
results of simulations designed
to test the feasibility of the
model.
Another issue that calls for
attention in the context of adaptive
genome size evolution is the
relationship between genome
organisation and genome size.
Avian genomes are not only small,
they are also characterised by
containing numerous and minute
microchromosomes, dot-like
chromosomes that are densely
Current Biology Vol 17 No 12
R472packed with genes, have short
introns and little repetitive DNA
[18]. Microchromosomes are also
seen in some but not all non-avian
reptiles [19] so it is not a derived
character specific to birds. But
could it be that selection has
favoured the maintenance of this
form of genome organisation in the
avian lineage as part of possible
constraints on genome size? It
would be terribly exciting to learn
about chromosomal structure
in non-avian dinosaurs but the
outstanding question at
present is: how?
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